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Abstract 
The use of oxide glasses is pervasive throughout everyday amenities and commodities. Such glasses are 
typically electrical insulators, and endowing them with electrical conductivity – without changing their 
salutary mechanical properties, weight, or thermoformability – enables new applications in multifunctional 
utensils, smart windows, and automotive parts. Previous strategies to impart electrical conductivity include 
modifying the glass composition or forming a solid-in-solid composite of the glass and a conductive phase. 
Here we demonstrate – using the latter strategy – the highest reported room-temperature electrical 
conductivity in a bulk oxide glass (~ 1800 S/m) corresponding to the theoretical limit for the loading 
fraction of the conductive phase. This is achieved through glass-sintering of a mixture of carbon nanofibers 
and oxide flint (F2) or soda lime glasses, with the bulk conductivity further enhanced by a polyethylene-
block-poly(ethylene glycol) additive. A theoretical model provides predictions that are in excellent 
agreement with the dependence of conductivity of these composites on the carbon-loading fraction. 
Moreover, nanoscale electrical characterization of the composite samples provides evidence for the 
existence of a connected network of carbon nanofibers throughout the bulk. Our results establish a 
potentially low-cost approach for producing large volumes of highly conductive glass independently of the 
glass composition. 
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1 | Introduction 
Glasses offer a unique set of mechanical and optical properties that underlie their wide-spread utilization 
in everyday commodities1-4. The strength of glasses – in conjunction with thermoforming processing, low 
density, and low cost – facilitates their utilization in large-area windows, enables thermal drawing into 
extended fibers for optical telecommunications, and drives a plethora of applications from cooking 
utensils to screens for electronic devices and the encapsulation of solar panels. Glasses are typically 
electrical insulators. Notable exceptions include chalcogenide glasses5 – that are in fact amorphous 
semiconductors6 – and recently developed metallic glasses7, 8. The most widely used oxide glasses, 
however, feature extremely low conductivities ~ 10-15 – 10-10 S/m. Developing an electrically conductive 
oxide glass would have profound implications for the automotive industry9, thermal cloaking10, and novel 
multifunctional multimaterial fibers11-14. Metals are not a viable substitute for a conductive glass in these 
application areas because of their higher density, thermal conductivity, and thermal expansion 
coefficients, and their crystallinity implies a sharp transition in viscosity above the melting temperature, 
in contrast to glasses that can be processed thermally in the viscous state. Moreover, the low operating 
temperatures of conductive polymers preclude their utility in many applications. 
A significant quest for increasing the electrical conductivity of oxide glasses without diminishing 
their other salutary characteristics has therefore been pursued. To date, two strategies have been explored 
to endow oxide glasses with electrical conductivity. One strategy relies on modifying the chemical 
composition of the glass, usually through the inclusion of metallic elements in the glass matrix, with 
reported ionic conductivities15, 16 ~ 10-3 – 10-1 S/m. A second strategy makes use of a solid-in-solid 
composite in which the glass matrix is loaded with a conductive phase – typically one of the various 
forms of carbon, such as carbon nanotubes (CNTs)9,17,18, graphitic nanoparticles19, carbon nanofibers 
(CNFs)20, or graphene21.  
Here, we exploit the ceramic-inspired process of glass sintering to produce bulk oxide-glass 
composites that retain the mechanical properties of glass while featuring a high room-temperature 
electrical conductivity by loading CNFs into the glass matrix. One-dimensional CNFs favor establishing a 
connected network compared to nanoparticles, they do not hinder the glass flow as do two-dimensional 
graphene or graphite, and they have significantly lower costs than CNTs. Using loading concentrations 
ranging from 1% to 46% by volume of CNFs that are efficiently dispersed in the glass matrix via a non-
ionic surfactant, we obtain electrical conductivities in bulk samples as high as ~ 1800 S/m at room 
temperature, reaching the theoretical limit set by the carbon-loading fraction. Our highest achieved value 
exceeds the highest reported conductivities for a carbon-loaded oxide glass by more than a factor of ~ 
40.22 Measurements of the dependence of the measured conductivity on the carbon-loading volume-
fraction reveals two regimes: tunneling-based conductivity at low carbon-loading followed by percolation 
above a carbon-loading threshold of ~ 2.3 vol%. A theoretical model based on the global tunneling 
network model provides predictions that are in excellent agreement with the measurements. Furthermore, 
the measured temperature-dependence of the conductivity reveals a clear signal for thermally-assisted 
variable range hopping for low carbon-loading and direct conduction with increased carbon-loading. The 
existence of a connected network of CNFs throughout the bulk composite is confirmed through nanoscale 
electrical measurements performed via Kelvin probe force microscopy. Finally, the universality of this 
approach is demonstrated by utilizing the same approach to create composites based on two common 
glasses: flint (F2) and soda lime glasses, with the type of glass determining the background conductivity 
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and the percolation threshold. These results provide a general framework for large-scale, low-cost 
production of novel electrically conductive oxide glass composites.  
 
2 | Materials selection for producing glass-CNF composites 
The first question to tackle is that of the dimensionality of the conductive carbon phase to be selected. 
Nanoparticles (zero-dimensional) are less likely to provide a connected network except at a high loading 
fraction, whereas two-dimensional phases such as graphite or graphene can hinder the glass flow. We 
have thus settled on utilizing one-dimensional carbon phases, such as CNTs or CNFs that have been 
utilized as filler materials in a wide range of composites to provide electrical conductivity and mechanical 
strengthening. Such composites typically perform far below the theoretical expectations because of the 
attractive van der Waals forces that promote highly entangled agglomerations of CNTs and CNFs, 
thereby preventing their uniform dispersion. According to the Derjaguin–Landau–Verwey–Overbeek 
(DLVO) theory, particles can be dispersed when electrostatic repulsions – induced by similarly charged 
electrical layers surrounding the particles – produce an energy barrier that overcomes the attractive van 
der Waals potential and opposes aggregation23, 24. If the magnitude of this energy barrier exceeds the 
kinetic energy of the particles, the suspension is stable. In light of these requirements, low-cost CNFs 
offer several salutary features compared with CNTs: CNFs have larger dimension and numerous defect 
planes along the surface, thus presenting a lower attractive surface energy to overcome25 and facilitating 
surface-modification via surfactant adsorption. These factors contribute to a potentially more efficient 
dispersal of single CNFs in a solution compared to CNTs26. We make use of a non-ionic surfactant – an 
ethylene oxide derivative, Polyethylene-block-poly(ethylene glycol), or PEPEG – to prevent charge 
attraction23. The Poly-(ethylene oxide)-based head groups tend to be located in the hydrophilic phase 
(ethanol and glass particles), affording a similar nature to the CNFs. The solvent and glass particles 
therefore lower the attractive potential between the CNFs, while the hydrocarbon tails react physically 
with the CNF surface. In this scenario, longer hydrocarbon tails are preferred and block copolymer 
surfactants can create high steric stabilization and prevent the CNFs from approaching each other27, 28. 
 
3 | Preparation and characterization of the glass-CNF composites 
Traditional ceramic processing (powder-mixing followed by milling and hot-pressing) was utilized to 
produce glass-CNF composites29 (Fig. 1a). In one class of samples, bulk F2 glass (CAS-number 65997-
17-3, Schott) was crushed and ground into a fine powder using an alumina mortar and pestle. The glass 
powder was thoroughly mixed for 24 hours with varied CNF loading fractions (߶ ൎ 1, 2, 3.7, 7, 10, 16, 
36, and 46 vol%) in a planetary ball-mill using zirconia balls for grinding and ethanol as suspension 
medium. We added 5 wt% of PEPEG as a surfactant to promote the dispersion of the CNFs in the slurry. 
After drying at 60 °C in a vacuum oven, the well-dispersed glass-CNF powder mixture was loaded into a 
graphite die and sintered into 25-mm-diameter, 4-mm-thick pellets using hot-press sintering at a 
temperature of 450 °C and a uniaxial pressure of 100 MPa under a low vacuum (150 mtorr) for 2 hours 
(Fig. 1b). The densification of composites by hot-pressing is dominated by viscous flow which causes the 
softened glass phase to flow and wrap the embedded CNFs. The microstructures of the polished surface 
of glass-CNF composite samples with low carbon-loading fraction by volume ߶ can be fully densified 
through this method (Fig. 1b). The microstructure of the polished surface of a glass-CNF composite at 
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߶ ൌ 10	vol% showed no porosity in the sample and demonstrated the full densification of the composite 
after hot-press sintering (Fig. 1c). In the Supplemental Materials we present the corresponding results that 
make use of soda lime glass in lieu of F2 glass in the glass-CNF composite. 
Varying the CNF loading factor ߶ in the powder mixture (Fig. 2a) enables controlling the conductivity of 
the sintered composite. Fracture-surface microstructures of composites with different ߶ (Fig. 2b-i, 
corresponding to ߶ ൌ 1 vol% to 46 vol%) are shown in Fig. 2 to illustrate the distribution of CNFs in the 
glass matrix. Scanning Electron Microscopy (SEM, Zeiss Ultra-55) was used to characterize the sintered 
composite microstructures, and further analysis of elemental carbon distribution in these samples (on 
polished surface for less noise) was performed using Energy Dispersive Spectroscopy (EDS; Noran 
System 7 equipped with a silicon drift detector), as shown in the insets of Fig. 2. The microstructures 
obtained on the fracture surfaces with increasing ߶ reveal that the distribution of CNFs in the glass matrix 
is homogeneous, as further confirmed by EDS carbon mapping. As expected in the semi-quantitative 
elemental mapping, the carbon element appears denser in the composite as ߶ increases. From these 
images, the diameter of the CNFs can be estimated to be ~ 130 nm, significantly larger than that of CNTs. 
The actual length of the CNF cannot be determined from these images as most of them are still embedded 
in the glass matrix or may have been damaged by the fracture process. The black worm-like voids (for 
example seen in the ߶ ൌ 3.7 vol% sample, Fig. 2c) are hypothesized to be gaps left by the pulling of 
CNFs during fracture. Finally, for ߶ ൐ 36 vol%, the scarcity of the glass phase prevents the formation of 
compact composites and some porosity remains. 
We measure the electrical conductivity ߪ of the bulk glass utilizing samples in the form of 
parallelepiped shaped bars (Fig. 3a, inset) via the four-point probe technique (Supplemental Materials). 
Measurement results of room-temperature ߪ of F2-CNF glass composites are presented in Fig. 3, where 
different stages are clearly visible in the evolution of ߪ as a function of the ߶. See Supplemental 
Materials for the corresponding measurements on the soda-lime-glass-based composites. The high 
electrical conductivity of the composite achieved here (~ 1800 S/m at high ߶) results in part from the 
homogeneous distribution of the CNFs in the glass matrix, thereby creating a well-connected conductive 
network (further confirmed below via nanoscale conductivity characterization). While high ߶ result in 
much higher conductivity, the lower density and fragility of the composites may limit their applicability. 
These considerations come into play in the selection of a proper value of ߶ to ensure a set electrical 
conductivity value with adequate manufacturability. 
 
4 | Modeling the conductivity of glass-CNF composites 
In this Section we provide a theoretical model that accounts for the measured behavior of the electrical 
conductivity presented in Fig. 3. At low values of ߶, limited conductivity is obtained through field-
induced tunneling (FIT) between distant CNFs30. A simple approach assumes that two adjacent fibers 
form a connected electrical path if their separation is lower than a tunneling length ߦ (typically on the 
order of a few nanometers31). Within this framework, an increase in ߶ gives rise to a percolation 
transition between macroscopic insulating and conducting states32, 33 at a critical loading fraction ߶ୡ୮. 
With further increase in ߶, the effective size of interconnected fiber bundles diverges rapidly to form a 
continuous network that spans the entire sample, resulting in an increase of conductivity by several orders 
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of magnitude and ultimately reaching that of a compact CNF pellet. In the vicinity of the percolation 
transition when ߶ ൐ ߶ୡ୮, renormalization group theory establishes that ߪ follows the scaling law34: 
ߪ ൌ ߪ଴൫߶ െ ߶ୡ୮൯௧,        (1) 
where ߪ଴ is a constant and the critical exponent ݐ (typically 1.6 – 2.0 in three-dimensional systems34) is 
thought to be universal, independently of the composite characteristics. Using this description, the room-
temperature ߪ data of our composites in Fig. 3 yields ݐ ൌ 1.7, an exponent well within the expected 
universal range, ߶ୡ୮ ൌ 2 vol%, and ߪ୭ ൌ 10ସ S/m. 
The value of ߶ୡ୮ is essentially determined by the relative arrangement and the dimensions of the 
fibers (effective length ܮ and diameter ܦ). In particular, a uniform random dispersion combined with a 
high fiber aspect ratio ܮ/ܦ favor a percolation onset at low ߶. This trend is well captured by Kusy-type 
relationships35 for a random distribution of conductive sticks36, 37, ௅஽ ߶ୡ
୮~ ଷଶ. With ߶ୡ
୮ ൌ 2 vol%, this 
relationship predicts a fiber aspect ratio of ܮ/ܦ~79, a value consistent with our SEM observations 
(ܦ~130 nm, ܮ~15 m, ܮ/ܦ ൌ 115). By extrapolating Eq. 1 to ߶ ൌ 100 vol%, one estimates the 
conductivity of a compact pellet of CNF to be ߪሺCNFሻ ൌ 9.7 ൈ 10ଷ S/m. This value is twice that 
previously reported for CNT-pellet conductivity (5×103 S/m).38-43 
Despite the elegant form of the previous description and the agreement between the data and the 
theoretical predictions for ߶ ൐ ߶ୡ୮, the data nevertheless diverges at low ߶ from the scale-invariance 
inherent to this model. This is readily explained via the global tunneling network (GTN) model, which 
takes into consideration that the short-range tunneling conduction does not imply a sharp cut-off in inter-
particle connectivity. The introduction of a tunneling characteristic length ߦ breaks the scale-invariance of 
conductivity with respect to the inter-particle distance ߜୡ (and thus with respect to ߶). This departure 
from scale-invariance dominates at low ߶ (whereupon ߜୡ ൐ ߦ). By accounting for the particle shapes and 
dimensions explicitly, this approach reproduces the overall trend of Eq. 1 for a wide range of 
composites40. Specifically, at low ߶ (up to a few vol%), we have ߜୡ~ ଴.଺ሺ௅ା஽ሻ
஽మ
థ , which establishes the 
relationship 
ߪ~ߪ୧ ൅ ߪ୭exp ቀെ ଶఋౙక ቁ.        (2) 
Here, ߪ୧ is the bulk conductivity of the insulating phase and ߪ୭ is a constant. In the absence of inter-
particle conductance cutoff, the GTN model predicts that the insulator-conductor transition results from 
the tunneling conductivity on the loose fiber network overcoming that of the bulk conductivity of the 
insulating phase at a filling content ߶ୡୋ୘୒: 
߶ୡୋ୘୒ ൌ ଴.଺஽
మ
కሺ௅ା஽ሻ
ଵ
୪୬ሺఙ౥ ఙ౟⁄ ሻ.   (3) 
Fitting our data to this model yields ߦ ൌ 	5.9 nm, ߶ୡୋ୘୒ ൌ 1.3 vol%, ߪ୭ ൌ 924 S/m and ߪ୧ ൌ 10ିଷ S/m 
(Fig. 3). Note that reduction of Pb2+ in the F2 glass to metallic lead can potentially increase ߪ୧.44 Worth 
referring to this work by Blodgett in 1951. The tunneling length matches the value of ߦ ൌ 	5.9 nm 
obtained for CNF in Ref. [45], while the crossover value ߶ୡୋ୘୒ is consistent with that obtained in the 
percolation model ߶ୡ୮. 
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Compared to our measured value of the bulk conductivity of a pure F2 glass sintered sample 
ሺF2ሻ~10ି଼ S/m, the large value of ୧ obtained through this fit most certainly arises from partial carbo-
reduction of the glass during the sintering process. In fact, it was observed that, when pure F2 glass is 
processed in the presence of dispersant alone, the bulk conductivity of the sintered sample increases 
dramatically to ሺF2 ൅ PEPEGሻ ൌ 2.9 ൈ 10ିସ S/m, a value comparable to ୧. 
 
5 | Nanoscale characterization 
The theoretical model described in the previous Section yields predictions that are in excellent agreement 
with the observed ߶-dependent room-temperature conductivity of the glass-CNF-composite. Most 
notably, this model posits the existence of a connected network of CNFs above the percolation threshold. 
We now proceed to describe nanoscale measurements of our samples that identify the underlying 
electrical conduction mechanisms and ultimately lends support to the underlying hypothesis. Towards this 
end, we rely on Kelvin Probe Force Microscopy (KPFM). A first class of measurements were performed 
by electrically polarizing the sample with two close contacts provided by external tips that can be 
displaced on the surface to examine the electrical potential change within an area of interest (Fig. 4a). The 
distances between the contacts in this configuration are ~ 150 – 300 µm (smaller distances provoked 
short-circuit damage) and the potential difference was ~ 2 V. To obtain the spatial distribution of the 
electric potential across the sample surface, an AFM tip scans the surface at a given frequency that is kept 
constant thanks to the application of a supplementary voltage corresponding to the surface potential. The 
experiments were repeated on 5 different areas of each sample to confirm the reproducibility of the 
measurements. For a reference CNF-free sample (F2 glass only), the potential drop is homogeneous on a 
small area and drops uniformly across the scanned area except for abrupt features that are likely due to the 
surface topography (Fig. 4b). When the same experiment was performed on a F2-CNF composite, the 
recorded potential distribution was markedly distinct (Fig. 4c). And the results were same from different 
spots as regular representation of the whole sample. Indeed, we observe the appearance of clear spots of 
higher potential against a uniformly dropping background. These spots are randomly distributed on the 
surface in a manner reminiscent of those in the SEMs of surface fractures shown in Fig. 2, and are not 
related to topographic structures or sample roughness. This different nanoscale conductive behavior 
reveals the existence of areas of high conductivity compared to the reference sample that we hypothesize 
is the result of the CNFs emerging at the sample surface. 
To corroborate this hypothesis and – furthermore – to test the hypothesis of a conductive network 
throughout the bulk sample, we carry out a second class of nanoscale electrical-conductivity 
characterization. Here we perform conductive-AFM measurements in which the AFM tip is in contact 
with the sample surface while a potential is applied between the AFM tip and the chuck in contact with 
the sample bottom surface so that I-V curves of the bulk sample can be acquired locally (Fig. 4d). The 
measured I-V curves are expected to be related to the nature of contact between the tip and the sample 
surface. If the contact is electrically weak (or the tip is in contact with dielectric part of the sample), then 
we anticipate a Schottky contact and thus a non-ohmic behavior for the I-V curve. On the other hand, 
contact with a conductive part of the sample (a CNF) will likely display an ohmic I-V curve if a 
conductive network is spread throughout the bulk. By performing these measurements on CNF-free glass 
samples and F2-CNF composites, we observe distinct behavior. In the reference CNF-free sample, non-
ohmic contact was observed in all the examined areas (Fig. 4e). Measurements on the F2-CNF composite 
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reveal clear ohmic contacts at the conductive spots identified in Fig. 4c and non-ohmic contacts from the 
rest of the sample (Fig. 4f). Moreover, the measured current in the case of ohmic-contact is ~ 6 orders-of-
magnitude larger than the current in the non-ohmic case. The fact that we obtain ohmic behavior by 
scanning the whole depth of the sample indicates the existence of conductive paths inside the bulk 
composite glass and not just at the surface.  
 
6 | Temperature-dependence of the composite conductivity 
We have also investigated the temperature dependence of the electrical conductivity for the F2-CNF 
composites with different carbon-loading fractions ߶. The measured temperature dependence of ߪ in the 
F2-CNF composites is shown in Fig. 5a. Measurements were performed over the range of temperature 
values 293 – 673 K, below the glass transition temperature of F2 glass ( ୥ܶ ൌ 707 K). In this range, 
measurements reveal that the conductivity increases with increasing temperature (݀ߪ ݀T⁄ ൐ 0), a 
behavior indicative of carrier localization. This temperature dependency is more pronounced when ߶ ൏
߶ୡ୮. On the other hand, when ߶ ≫ ߶ୡ୮, ݀ߪ ݀T⁄  does not depend on ߶ and instead matches that of graphite, 
a fact suggesting that conduction in these samples proceeds through entangled fibers in direct contact (as 
supported by the nanoscale measurements in Fig. 4). 
At low ߶, the conductivity is governed by variable range hopping (VRH) of charge carriers 
between localized states near the Fermi level, and takes the form46-48:  
ߪ ൌ ߪ୧ ൅ ߪஶexp ቂെቀ బ்் ቁ
ఊቃ,       (4) 
where ߪஶ is only weakly dependent upon temperature, and ଴ܶ is a constant that depends on the electronic 
structure, density of states near the Fermi level, and localization length. When the density of states near 
the Fermi level is constant (Mott-VRH theory), the exponent ߛ is related to the dimensionality ݀ of the 
conduction path according to49, 50 ߛ ൌ ሺ1 ൅ ݀ሻିଵ. In semimetals, however, the density of states near the 
Fermi level may vanish and long-range Coulomb interactions between the localized electrons can open a 
Coulomb gap in the band structure. This so-called Coulomb-gap VRH (or Efros–Shklovskii VRH) 
conduction model is characterized by ߛ ൌ 0.5 in all dimensions51, 52. Least-squares fits on 1, 2 and 2.4 
vol% F2-CNF composites show that a Mott-VRH model with ߛ ൌ 0.25 (݀ ൌ 3) matches the data with a 
high goodness-of-fit (ܴଶ ൐ 0.997); see Table 1. 
In samples with higher ߶, it is expected that the transport properties are no longer controlled by 
the activation energy for hopping but rather by inelastic carrier-carrier and carrier-phonon interactions 
affecting the carriers lifetime. Neglecting the conductivity ߪ୧ of the matrix, such interactions yield a 
temperature-dependence of the form49 
ߪ ൌ ߪ଴ ൅ ܣܶ௡,         (5) 
where the value of the exponent ݊ is characteristic of the scattering interaction (݊ ൌ 0.5 and ݊ ൐ 0.75 for 
carrier–carrier and carrier–phonon scattering interactions, respectively)53. For ߶ ൐ ߶ୡ୮, our data is well 
fitted by Eq. 7 (see Table 2 for the values of the exponent ݊ with ߶). The results suggest that the 
conductivity is limited by electron–phonon scattering interactions as one would expect for graphite given 
the low density of charge carriers. 
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7 | Conclusion 
We have presented a general methodology for producing highly conductive, thermoformable 
oxide glass composites. Compared to previous investigations, our strategy provides a pathway to potential 
large-scale manufacturing of glass-CNF composites by exploiting low-cost constitutive materials and 
scalable fabrication processes. By optimizing the chemistry underlying the dispersion of the conductive-
phase CNF in the glass, we achieve the highest room-temperature electrical conductivity to date (~ 1800 
S/m), exceeding that of chemically modified glasses and surpassing that of glass composites doped with a 
carbon-based conductive phase. The behavior of the measured conductivity reveals clearly a transition to 
percolation with increased carbon-loading. Nanoscale measurements of the electrical conductivity support 
the existence of a connected conductive network of CNFs above the percolation threshold. The 
temperature dependence of the electrical conductivity of the composite samples suggests that conductivity 
is limited by variable range hopping between localized states at low carbon-loading and by electron-
phonon scattering at high carbon-loading. Finally, Fig. 5b provides a comparison of reported values of the 
temperature-dependent electrical conductivities of conductive glasses.22, 54-58 Polymer carbon composites 
generally provide lower conductivity and much lower operating temperatures. Our glass-CNF composites 
clearly exhibited higher electrical conductivity and stability over a wider range of tested temperatures. 
Note that the conductivity of our soda-lime-based composite is slightly lower than that of F2 lead silicate 
glass for the same carbon-loading fraction. We hypothesize that the higher conductivity of F2 glass is due 
to higher baseline conductivity of the glass matrix. Finally, we note that although the composite glass has 
reduced transparency due to the CNFs, they can nevertheless be formed thermally; for example, they can 
be thermally drawn into an electrically conductive fiber59. 
The CNF-glass composite reported here offers several accessible degrees of freedom that can be 
explored to engineer particular functionalities, including the volume fraction, the characteristics of the 
carbon fibers, the formulation of the dispersion liquid, and the dimensions and shape of the processed 
composite parts. These formulations present several advantages to technologies that demand small, low-
weight and power-efficient (SWaP) electronic realizations. In the form of heaters, the low heat capacity 
of the carbon fibers improves on their response time and efficiency by facilitating heat transfer. These 
attributes also become essential in applications such as impulse and damping power resistors. 
Furthermore, the strain and temperature dependency of the conduction network can be utilized in sensing 
applications (strain gauge and negative temperature coefficient thermistors). At lower carbon-loading 
fractions, these composites may present benefits to electromagnetic shielding and electrostatic discharge 
applications where low-cost, oxidation resistance, and low thermal expansion are required. Our higher 
glass-CNF composites are candidate matrices for cathode materials in energy storage systems. For 
example, in rechargeable Li/S cells, S-containing compounds used as cathodes are electrically insulating 
thereby leading to low coulombic efficiency, and are soluble in electrolytes, which leads to capacity 
degradation on repeated use60-62. Elemental S grafted onto our porous composites with high CNF loading 
may help overcome such challenges while simultaneously providing better mechanical stability60-62. 
Acknowledgments 
9 
 
G. Tao acknowledges J. Qiu for encouragement, and X. Wang, R. Zheng, and Y. Wu for useful 
discussions. M. Molinari thanks N. B. Bercu from the LRN EA4682 for technical assistance. The authors 
thank Laurene Tatard for help interpreting the measurements and the personnel at the Material 
Characterization Facility (MCF) at the University of Central Florida for assistance. This work was 
supported by the MIT MRSEC through the MRSEC Program of the National Science Foundation under 
award number DMR-0819762, by the Australian Research Council grants CE140100003 and 
DP170104367. This work was performed in part at the Optofab node of the Australian National 
Fabrication Facility utilizing Commonwealth and South Australian State Government funding. 
  
10 
 
References 
1. Mauro JC, Philip CS, Vaughn DJ, Pambianchi MS. Glass science in the United States: current status and future 
directions. Int J Appl Glass Sci. 2014;5(1):2-15. 
2. Youssef NF, Abadir MF, Shater MAO. Utilization of soda glass (cullet) in the manufacture of wall and floor tiles. 
J Eur Ceram Soc. 1998;18(12):1721-7. 
3. Minami T, Hayashi A, Tatsumisago M. Recent progress of glass and glass-ceramics as solid electrolytes for 
lithium secondary batteries. Solid State Ion. 2006;177(26-32):2715-20. 
4. Johnson N, Wehr G, Hoar E, Xian S, Akgun U, Feller S, et al. Electronically conductive vanadate glasses for 
resistive plate chamber particle detectors. Int J Appl Glass Sci. 2015;6(1):26-33. 
5. Elliott SR. A theory of a.c. conduction in chalcogenide glasses. Philos Mag. 1977;36(6):1291-304. 
6. Street RA, Mott NF. States in the gap in glassy semiconductors. Phys Rev Lett. 1975;35(19):1293-6. 
7. Klement W, Willens RH, Duwez P. Non-crystalline structure in solidified gold-silicon alloys. Nature. 
1960;187(4740):869-70. 
8. Johnson WL, Na JH, Demetriou MD. Quantifying the origin of metallic glass formation. Nat Commun. 
2016;7:10313. 
9. Volder MFL, Tawfick SH, Baughman RH, Hart AJ. Carbon nanotubes: present and future commercial 
applications. Science. 2013;339(6119):535–9. 
10. Ma Y, Liu Y, Raza M, Wang Y, He S. Experimental demonstration of a multiphysics cloak: manipulating heat 
flux and electric current simultaneously. Phys Rev Lett. 2014;113(20):205501. 
11. Abouraddy AF, Bayindir M, Benoit G, Hart SD, Kuriki K, Orf N, et al. Towards multimaterial multifunctional 
fibres that see, hear, sense and communicate. Nat Mater. 2007;6(5):336-347. 
12. Tao G, Stolyarov AM, Abouraddy AF. Multimaterial fibers. Int J Appl Glass Sci. 2012;3(4):349-68. 
13. Schmidt MA, Argyros A, Sorin F. Hybrid optical fibers - an innovative platform for in-fiber photonic devices. 
Adv Opt Mater. 2016;4(1):13-36. 
14. Yan W, Page A, Dang TN, Qu Y, Sordo F, Wei L, Sorin F. Advanced multimaterial electronic and 
optoelectronic fibers and textiles. Adv Mater. 2019;31(1):1802348. 
15. Rioux M, Ledemi Y, Viens J, Morency S, Ghaffarib SA, Messaddeq Y. Optically-transparent and electrically-
conductive AgI-AgPO3-WO3 glass fibers. RSC Adv. 2015;5(50):40236-48. 
16. Martin SW. Ionic conduction in phosphate glasses. J Am Ceram Soc. 1991;74(8):1767-84. 
17. Ghosh A, Ghosh S, Das S, Das PK, Majumder DD, Banerjee R. Synthesis and electrical properties of a single 
walled carbon nanotube–borosilicate glass composite. Chem Phys Lett. 2010;496(4):321-5. 
18. Ghosh A, Ghosh S, Das S, Das PK, Mukherjee J, Banerjee R. Near infrared fluorescence and enhanced electrical 
conductivity of single walled carbon nanotube-lead silicate glass composite. J Non-Cryst Solids. 2014;385:129-35. 
19. McGann OJ, I.Ojovan M. The synthesis of graphite–glass composites intended for the immobilisation of waste 
irradiated graphite. J Nucl Mater. 2011;413(2):47-52. 
20. Sanchez F, Ince C. Microstructure and macroscopic properties of hybrid carbon nanofiber/silica fume cement 
composites. Compos Sci Technol. 2009;69(7-8):1310–8. 
21. Stankovich S, Dikin DA, Dommett GHB, Kohlhaas KM, Zimney EJ, Stach EH, et al. Graphene-based composite 
materials. Nature. 2006;442(7100):282-6. 
11 
 
22. Guo S, Sivakumar R, Kitazawa H, Kagawa Y. Electrical properties of silica-based nanocomposites with 
multiwall carbon nanotubes. J Am Ceram Soc. 2007;90(5):1667–70. 
23. Vaisman L, Marom G, Wagner HD. Dispersions of surface-modified carbon nanotubes in water-soluble and 
water-insoluble polymers. Adv Funct Mater. 2006;16(3):357–63. 
24. Rosen MJ. Surfactants and Interfacial Phenomena. Hoboken: John Wiley & Sons; 2004. 
25. Sanchez F, Ince C. Microstructure and macroscopic properties of hybrid carbon nanofiber/silica fume cement 
composites. Compos Sci Technol. 2009;69(7-8):1310–8. 
26. Tasis D, Tagmatarchis N, Bianco A, Prato M. Chemistry of carbon nanotubes. Chem Rev. 2006;106(3):1105–36. 
27. Islam MF, Rojas E, Bergey DM, Johnson AT, Yodh AG. High weight fraction surfactant solubilization of 
single-wall carbon nanotubes in water. Nano Lett. 2003;3(2):269–73. 
28. Fukushima T, Kosaka A, Ishimura Y, Yamamoto T, Takigawa T, Ishii N, et al. Molecular ordering of organic 
molten salts triggered by single-walled carbon nanotubes. Science 2003;300(5628):2072–4. 
29. Chen S, Wu Y. New opportunities for transparent ceramics. Am Ceram Soc Bull. 2013;92(2):32-7. 
30. Sheng P. Fluctuation-induced tunneling conduction in disordered materials. Phys Rev B. 1980;21:2180-95. 
31. Balberg I. Tunnelling and percolation in lattices and the continuum. J Phys D Appl Phys. 2009;42(6):064003. 
32. Stauffer D, Aharony A. Introduction to percolation theory. Taylor & Francis; 1994. 
33. Kirkpatrick S. Percolation and conduction. Rev Mod Phys. 1973;45(4):574-88. 
34. Stauffer D, Aharony A. Introduction to percolation theory. Taylor & Francis; 1994. 
35. Kusy RP. Influence of particle size ratio on the continuity of aggregates. J App Phys. 1977;48(12):5301. 
36. Celzard A, McRae E, Deleuze C, Dufort M, Furdin G, Mareche JF. Critical concentration in percolating systems 
containing a high-aspect-ratio filler. Phys Rev B. 1996;53(10):6209-14. 
37. Balberg I, Anderson CH, Alexander S, Wagner N. Excluded volume and its relation to the onset of percolation. 
Phys Rev B. 1984;30(7):3933. 
38. Ramasubramaniam R, Chen J, Liu H. Homogeneous carbon nanotube/polymer composites for electrical 
applications. App Phys Lett. 2003;83(14):2928. 
39. Fisher JE, Dai H, Thess A, Lee R, Hanjani NM, Dehaas DL. Metallic resistivity in crystalline ropes of single-
wall carbon nanotubes. Phys Rev B. 1997;55(8):R4921–4. 
40. Kaiser AB, Dusberg G, Roth S. Heterogeneous model for conduction in carbon nanotubes. Phys Rev B. 
1998;57(3):1418–21. 
41. Kaneto K, Tsuruta M, Sakai G, Cho WY, Ando Y. Electrical conductivities of multi-wall carbon nano tubes. 
Synth Met. 1999;103(1-3):2543–6. 
42. Fan J, Wan M, Zhu D, Chang B, Pan Z, Xie S. Synthesis, characterizations, and physical properties of carbon 
nanotubes coated by conducting polypyrrole. J Appl Polym Sci. 1999;74(11) :2605. 
43. Benoit JM, Corraze B, Lefrant S, Blau WJ, Bernier P, Chauvet O. Transport properties of PMMA-Carbon 
Nanotubes composites. Synth Met. 2001;121(1-3):1215. 
44. Blodgett KB. Surface conductivity of lead silicate glass after hydrogen treatment. J Am Ceram Soc. 
1951;34(1):14-27. 
12 
 
45. Ambrosetti G, Grimaldi C, Balberg I, Maeder T, Danani A, Ryser P. Solution of the tunneling-percolation 
problem in the nanocomposite regime. Phys Rev B. 2010;81(15):155434. 
46. Mott NF. Metal–insulator transitions. London: Taylor & Francis; 1990. 
47. Mott NF. Conduction in non-crystalline materials. Oxford: Clarendon Press; 1987. 
48. Böttger H, Bryskin UV. Hopping conduction in solids. Berlin: Verlag Akademie; 1985. 
49. Mott NF. Conduction in glasses containing transition metal ions. J Non-Cryst Solids. 1968;1(1):1-17. 
50. Mott NF, Pollitt MPS, Wallis S, Adkins CJ. The Anderson transition. Proc R Soc Lond A. 1975;345(1641):169. 
51. Efros AL, Shklovskii BI. Coulomb gap and low temperature conductivity of disordered systems. J Phys C. 
1975;8(4):L49-51. 
52. Shklovskii BI, Efros AL. Electronic Properties of Doped Semiconductors. Berlin: Springer-Verlag; 1984. 
53. Lee PA, Ramakrishnan TV. Disordered electronic systems. Rev Mod Phys. 1985;57(2):287-337. 
54. Goncalves AP, Lopes EB, Rouleau O, Godart C. Conducting glasses as new potential thermoelectric materials: 
the Cu–Ge–Te case. J Mater Chem. 2010;20:1516–21. 
55. Barrau S, Demont P, Peigney A, Laurent C, Lacabanne C. DC and AC conductivity of carbon nanotubes-
polyepoxy composites. Macromolecules, 2003;36:5187-94. 
56. Jovic N, Dudic D, Montone A, Vittori Antisari M, Mitric M, Djokovic V. Temperature dependence of the 
electrical conductivity of epoxy/expanded graphite nanosheet composites. Scr Mater. 2008;58:846–9. 
57. Sayer M, Mansingh A. Transport properties of semiconducting phosphate glasses. Phys Rev B. 1972;6:4629-43. 
58. Boccaccini A, Thomas B, Brusatin G, Colombo P. Mechanical and electrical properties of hot-pressed 
borosilicate glass matrix composites containing multi-wall carbon nanotubes. J Mater Sci. 2007;42(6):2030-6. 
59. Chen S, Tan F, Tao G, Kaufman J, Molinari M, Bercu NB, et al. Thermally drawn electrically conductive oxide-
glass composite fibers. Manuscript in preparation. 
60. Ji L, Rao M, Aloni S, Wang L, Cairns EJ, Zhang Y. Porous carbon nanofiber–sulfur composite electrodes for 
lithium/sulfur cells. Energy Environ Sci. 2011;4(12):5053-9. 
61. Ji X, Lee KT, Nazar LF. A highly ordered nanostructured carbon–sulphur cathode for lithium–sulphur batteries. 
Nat Mater. 2009;8(6):500–6. 
62. Li G, Sun J, Hou W, Jiang S, Huang Y, Geng J. Three-dimensional porous carbon composites containing high 
sulfur nanoparticle content for high-performance lithium–sulfur batteries. Nat Commun. 2016;7:10601. 
  
13 
 
 
Tables 
 
Table 1 | Least-squares fitted parameters for Eq. (4) for F2-CNF composites 
߶ (vol %) ߪ୧ (S/m) ߪஶ (S/m) ଴ܶ (K) ߛ 
1 10-4 24×104 41×106 0.25 
2 10-4 25×104 23×106 0.25 
2.4 10-4 12×104 12×106 0.25 
 
 
Table 2 | Least-squares fitted parameters for Eq. (5) for F2-CNF composites 
߶ (vol %) ߪ଴ (S/m) ܣ (S/Kn) ݊ 
3.7 2.40.2 32×10-6 2.30.1 
7 362 96×10-5 2.10.1 
10 639 1.12×10-4 2.20.3 
16 23118 2.43×10-4 2.20.2 
36 95561 5.30.05 1.50.1 
46 1203139 0.20.3 1.30.2 
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Figures 
 
 
 
Figure 1. Preparation of a glass-CNF composite. (A) Schematic of the fabrication process for glass-CNF 
composites. From left to right: The CNF is combined with the F2 ground glass powder to prepare a 
mixture having the composition ሺ1 െ ݔሻ ∙ F2 ൅ ݔ ∙ CNF, 0 ൏ ݔ ൏ 1, which is then hot-pressed into a solid 
bulk. (B) Photographs of the materials; from left to right: pure CNFs, F2 glass powder, glass-CNF powder 
mixture after ball-milling, and pressed sample in correspondence with the steps in (A). The scale bars in 
the four panels are all 1 cm. (C) SEM micrographs of pure CNFs, glass powder, the glass-CNF mixture 
(36 vol% CNF), and surface of composite after hot press, corresponding to the panels in (B). The scale 
bars in the four panels are all 2 m. 
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Figure 2. Evolution of the composite morphology with CNF loading. (A) Photographs of the glass-CNF 
powder mixtures with composition ሺ1 െ ݔሻ ∙ F2 ൅ ݔ ∙ CNF, where ݔ represents the carbon-loading 
fraction by volume ߶. Four examples with different values of ݔ are shown. (B)-(I) SEM micrographs of 
the fracture-surface microstructure for composites with CNF-loading fractions of 1, 2, 3.7, 7, 10, 16, 36, 
and 46 vol%. All scale bars are 5 m. Insets show corresponding carbon-element EDS maps on the 
composite surface. All inset scale bars in the insets are 20 m. 
 
  
16 
 
 
 
 
Figure 3. (A) Measured values of the room-temperature electrical conductivity ߪ for F2-CNF 
composite samples with the carbon-loading fraction ߶. The solid red curve is a theoretical fit based 
on the percolation model using Eq. 1. The inset shows the good linearity of the fit on a log-log plot of 
ߪ with ߶ െ ߶ୡ୮ relationship (ܴଶ ൌ 0.99). Inset is a photograph of a typical composite sample used in 
the four-probe measurements. The horizontal dashed line identifies the conductivity of a CNF pellet, 
whereas the vertical dotted line corresponds to the percolation threshold ߶ୡ୮. (B) Fitting the data from 
(A) to the global tunneling network (GTN) model using Eq. 2 (solid blue curve). The curve provides 
an excellent fit for low ߶, but is less satisfactory at high ߶. The fit based on the percolation model 
(Eq. 1) is shown as a red dashed line for comparison – corresponding to the solid red curve in (A). 
The percolation model provides an excellent fit for high ߶, but is less satisfactory at low ߶. The 
horizontal dotted line represents the glass host conductivity ߪ୧ as determined from the GTN model, 
whereas the vertical dotted line corresponds to the CNF-loading fraction ߶ୡୋ୘୒ whereupon tunneling 
on the loose fiber network matches the matrix conductivity. We have also identified the conductivity 
of a CNF pellet as in (A). 
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Figure 4.  Nanoscale characterization of the electrical conductivity of the glass composite. (A) 
Configuration for KPFM measurements. Two contacts apply a potential across the sample and an AFM 
probe is scanned between them. (B) Measured potential over a 5×5 m2 area of a reference F2 glass 
sample that is CNF-free. A gradual drop in potential is observed along the scanning direction. (C) 
Measured potential over a 5×5 m2 area of a F2-CNF composite sample. The bright spots correspond to 
local areas of higher potential. (D) Configuration for conductive-AFM measurements. (E) I-V curves 
measured at two generic spots of the area shown in (B) showing non-ohmic behavior. (F) I-V curve 
measured at a bright spot (the dashed blue circle) in (C) revealing ohmic behavior. Inset is the I-V curve 
measured at a spot in the dielectric (black circle) in (C). AFM tip diameter is 40 nm. 
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Figure 5. (A) Measured electrical conductivity of F2-CNF composites as a function of temperature at 
various carbon-loading fractions (1 vol% to 46 vol% from bottom to top). The conductivity of samples 
with ߶ ൏ ߶ୡ୮ is fitted with the Mott-VRH model (Eq. 4), while that of samples with ߶ ൐ ߶ୡ୮ is fitted with 
Eq. 5. The temperature-dependent conductivity of bulk polycrystalline graphite is represented by the grey 
dashed line. (B) Comparison of the electrically conductivity of the F2-CNF composite developed here 
with previous reports of conductive glassy materials. The results for the F2+CNF composite are shown as 
symbols (triangles or circles), corresponding to CNF-loading fractions of 1 vol%, 10 vol%, and 46 vol% 
selected from (A). We have also plotted the measured values for a soda-lime glass-CNF composite (see 
Supplemental Material). The other data are as follows: SiO2+10 vol% CNT22, Cu27.5Ge2.5Te7054, 
Epoxy+2.5 wt% CNT55, Epoxy+8 wt% Graphite56, Phosphate+50 mol% V2O357, Borosilicate+10 
wt%CNT58. 
 
